
THE COLLOIDAL MEMBRANE : ITS PROPERTIES AND 
ITS FUNCTION IN THE OSMOTIC SYSTEM. 

Sir Oliver Lodge: Dr. Porter has told us that the dissolved 
substance is everything that matters, and he has also brought in a 
very interesting remark on molecular aggregates, which I expect 
Professor Armstrong will have something to say about later on. 
Dr. Tinker is going to tell us, I expect, that the membrane is 
everything that matters. 

Dr. Frank Tinker (University of Birmingham) then read his 
Paper on “ T h e  Colloidal Membrane: its Properties and its 
Function in  the Osmotic System.” 

During recent years the thermodynamic theory of osmosis has undergone 
considerable development at the hands of several mathematicians and 
physicists, who have shown that the osmotic pressure of a solution is a 
somewhat complex function of such diverse factors as the vapour pressures, 
specific volumes, coefficients of compressibility, heats of dilution, etc., of both 
the solution itself and of the pure solvent also.* On the other hand, the 
kinetic side of the subject has remained more or less stationary, the majority 
of the theories purporting to explain the mechanism of osmosis having little to 
say with respect to how and why osmotic pressure is dependent on almost 
all the other physical properties of solutions. Inasmuch as the subject is 
evidently too complicated for a priuvi hypotheses, it seems desirable that we 
should study exhaustively all the parts which go to make up an osmotic system. 
More particularly, in addition to considering the properties of the pure 
solvent and soliltion themselves, we should include the membrane-its 
structure, properties, and behaviour to the solvent and solute respectively ; 
atid the conditions governing osmotic diffusion across it. 

The common colloidal membranes of the copper-ferrocymide type are 
built up by the aggregation of small coll’oidal particles ranging in diameter 
from 50 to 400 pp.t The interstices between these particles form the pores 
of the membrane, the average capillary diameter being of the order of from 
10 to 20 pp. Although the pore diameter is relatively great as compared with 
the diameter of the ordinary crystalloidal molecule, it is small enough for 
the whole of each capillary to be entirely under the influence of surfacc 
phenomena ; and when osmotic flow takes place, say from a pure solvent to 
a solution, the moisture which diffuses is temporarily in the adsorbed or 
superficially condensed condition for such time as it is in contact with the 
membrane. Moreover, the adsorption effects shown by colloidal membranes 
arc selective in nature ; a copper-ferrocyanide film, for instance, taking up water 
rather than cane sugar from aqueous solutions of the latter,f thus explaining 

* See, for instance, the work of Porter, Trevor, G.  N. Lewis, Bancroft, van Lax ,  

t Tinker, Proc. ROJJ. Sot. ,  A, vol. 92, 357 (1916). 
$ Idem, ibid., A, 1917 (contemporary number). 

and others. 
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I34 T H  E CO LLO I DAL M EM BRA N E 

why this membrane is permeable to water but not to sugar. If the membrane 
is of a neutral nature, as is the c.+se with the inner sheath of the skins enclos- 
ing barley seeds, its behaviour to the solute follows closely the lines laid down 
by the well-known Gihbs-Thomson rule. The vegetable membrane just 
indicated adsorbs and is highly permeable to solutes such as the phenols, 
amiiies, and fatty acids, which give solutions having a low surface tension ; 
whilst on tlie other hand it is irtipermeable to the sugars, polyhydrjc alcohols, 
most inorganic salts, and other solutes whose solutions have high surface 
tensions.::: Evidently the property of selective perrneabili ty which such 
membranes possess is a direct conse,iuetice of thc selective ndsorption 
effects shown by the colloidal particles composing the meinbranc. 

With regard to the cause for osmotic tlow, the fact of fundamental 
importance is that a colloid usrially ab.iorbs more moisture from pure water 
than it does from an aqueous solution. Whereas, for example, 100 grams of 
dry colloidal copper-ferrocyanide imbibes about 30 grams of moisture from 
pure water, the same amount of colloid takes up only 13 or 14 grams of mois- 
ture from a 60 per cent. sugar solution.+ An immediate deduction from this 
fact is that the side of a membrane i n  contact with a pure solvent has a 
greater moisture content than the side adjacent to a solution. Consequently 
diffusion of the solvent from one side of the membrane to the other takes 
place of necessity, owing to the impossibility of establishing equilibrium 
when the moisture content of the colloid is not uniform throughout. In 
other words, osmotic flow takes place bocause the pure solvent induces a 
greater pressure and concentration of moisture inside the nienibrane than the 
solution does. To prevent osmotic diffusion, a hydrostatic pressure must be 
applied to the solution. Provided the pressure is placed on tlie solution only 
and not on the membrane as  well, the application of the pressure increases 
the amount of moisture taken up by that part of the colloid in contact 
with the solution ; and when a hydrostatic pressure equal to the osmotic 
pressure is placed on the solution, the moisture pressure and concentration 
throughout 'the membrane becomes uniform, osmotic flow then ceasing.: In 
many respects osmotic diffusion is thus very similar in nature to the process 
of vapour distillation. As is well known, the vapour pressure and conceiitra- 
tion is usually greater above the pure solvent than it is above the solution. 
Application of a hydrostatic pressure to a solution raises its vapour pressure,$ 
and when the applied pressure is equal to the osniotic pressure, the vapour 
pressures of the pure solvent and solution becoiiie equal to one another, the 
vapour distillation no longer proceeding in consequence. But although the 
two processes of osmotic flow and. vapour distillation are essentially similar 
in character /I- both being diffusion phenorricna-they are by no means 
identical. In  particular, the moisture inside the pores of a membrane is 

* A. J. Brown and F. Tinker, Pi*oc. Rcij-. Soc., €3, vol. S9, 373 (1916). 

t Tinker, Proc. Roy. Soc., A (ioctetnporary number). 

The general 
osmotic properties of barley seeds have been discovered and studied by Proiessor 
A. J. Brown. 

Some unpublished work by Professor A. J. Brown and inyself indicates that 
i f  the pressure is placed on the membrane as wc/Z u s  on the solution, the amouiit of 
moisture taken up by the colloid does not increase. 

Sir J. J. Thomson, dfpl icaf ioi i  of Uyiiaiiiics, p. 171 ; A. W. Porter, I'roc. Roy 
S% A, 79, 319 (I907). 

/ /  A further important similarity is brought out when we consider the high 
temrerature coefficient of the rate at which osmotic diffusion takes place. (Earl of 
Berkeley and E. G. J. Hartley, Proc. Roy. Soc., A, 82, 271 (r909).) It is highly prob- 
able that the rate of osmotic diffusion is an exponential function of the temperaiure 
having almost the same exponential constant as the ordinary vapuur pressure- 
temperature curves. 
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DR. F. T I N K E R  I35 

in a very, much more concentrated condition than it is inside the vapour 
phase proper, owing to the fact t h j t  it is condensed on the surfaces, of the 
colloidal particles composing the membrane. I n  the case of water the 
membrane concentration would appear to be about zo;ooo times as great as 
the concentration of water vapour proper. 

By means of 
it we can arrive at the reason for many of the anomalies met with in the 
phenomena of osmotic flow and osmotic pressure. The  above justification 
of its use indicates that, for put-poses of discussion and mathematical treat- 
ment, we can replace the actual membrane by a vacuum ; except, of course, 
when considering those quantities, such as the Yale of osmotic flow, whose 
magnitude is determined wholly or in part by the actual nature of the 
membrane-that is, we can regard a vacuum as a particular kind of mem- 
brane ::: by the aid of which, on account of the relatively simple laws obeyed 
by vapours proper, we can arrive a t  the various factors governing the direc- 
tion and power of osmotic flow, and the magnitude of the osmotic pressure 
which a particular solution can generate. 

In  this conncktion let us take first the case of osmotic flow between two 
solutions on which no external hydrostatic pressures are imposed. The 
direction of osmotic diffusion will be from the solution which generates the 
greatcr vapour pressure.t Iriasmucli as the vapour pressure of a solution 
depends partly on its concentration and partly on other factors, such as the 
volume change which the solvent undergoes during the process of dissolving 
the solute in it, the heat of dilution, the formation of hydrates in certain 
cases, etc., all these factors have a hand in determining the direction and 
power of osmotic flow. The main factor is usually the relative molecular 
concentrations of the two solutions ; with the exception of heat of dilution, 
the effect on vapour pressure of the other factors is usually negligible ; at 
least this is so in the case of dilute and moderately strong solutions. If, how- 
ever, we eliminate the concentration factor by working with two solutions 
having equal molecular strengths on opposite sides of the membrane, the 
direction of flow will be towards the solution which has the greater heat of 
dilution, since a positive heat of dilution tends to make the vapour pressure 
of a solution abnormally low.: In  addition, since a solution which has a 
positive heat of dilution and abnormally low vapour pressure has also a high 
intrinsic pressure and surface tension,$ the direction of osmotic flow is like- 
wise towards the solution which has the higher intrinsic pressure and surface 
tension. Herein comes the application of 'rraube's surface tension theory of 
osmosis. When limited as above to the case of osmotic flow between two 
solutions of approximately equal molecular strength, this theory is of con- 
siderable value in predicting under what conditions osmotic flow will be 
abnormal. I t  will be seen, however, that the surface tension theory only 
comes in when we are dealing with non-ideal solutions ; 1 1  nevertheless its 

* Impermeable, of course, to non-volatile solutes, but permeable to vola- 
tile ones. 

j- 1.e. the greater przrtial vapour pressure of the solvent. 
I f ,  of course, both solutions are ideal, having zero heats of dilution and equal 

surface tensions, etc., there will be no osmotic flow between them, provided that 
they are equally strong molecularly. 

0 F. P. Worley has written an excellent experimental paper on the relation 
between surface tension and vapour pressure ( jktw. Chcm. Soc., i., p. 273 (1914) ). 
In this connection see also a paper by myself (Phil .  Mag.,  September 1916). 

I j  An ideal solution is one whose vapour pressure is given in terms of the vapour 
pressure of the pure solvent and its own concentration by Raoult's relation- 

The analogy just indicated is, however, a very useful one. 
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136 T H E  COLLOIDAL M E M B R A N E  

scope of application would appear to be very extensive, since most actual 
solutions deviate from Raoult's law and 'are in consequence more or less 
non-ideal. 

Consider next the factors determining the magnitude of the osmotic 
pressure of a solution. T h e  central fact in this coniiectioii is the simul- 
taneou< increase of vapour pressure with the application of hydrostatic 
pressure. It is evident that we can define the osmotic pressure as the 
hydrostatic pressure which, when applied to the solution, raises the vapour 
pressure of the latter up to that of the pure solvent. Taking this definition 
as a basis, it is quite a simple matter to deduce directly the well-known 
formula connecting osmotic pressure with vapour pressure, without resorting 
to the somewhat cunibrous method of the thermodynamic cycle." It would 
appear also that, for dilute and moderately strong solutions at any rate, all 
the abnormalities in osmotic pressure owe their origin to abnormalities in 
vapour pressure.+ Consequently many of the factors which tend to  upset 
the simplicity of the laws of osniotic diffusion tend also to make osmotic 
pressures abnormal. In particular it is clear that if the vapour pressure o€ 
a solution under atmospheric pressure is abnornially low, its'osmotic pressure 
will be abnormally high ; the difference between its vapour pressure and that 
of tlie pure Fo1vent, which has to be nullified by the application of a hydro- 
static pressure to the solution before osmotic equilibrium can be attained, is 
greater than Raoult's law would require it to be. Consequently also the 
osmotic pressure is utiduly high whcn the solution has a positive heat of 
dilution,f or when it has a high intrinsic pressure arid surface tension. 

The problem as to why the vapour pressure of a solution, and indirectly 
therefore the osmotic pressure also, should be related to its concentration, 
heat of dilution, surface tension, etc., is a much more fundamental and 
difficult one than the question just treated as to Izow these properties are 
related to one another. I t  will depend for its coinplcte solution on the 
accumulation of niuch more knowledge appertaining to the liquid state thaii 
we possess at pt-ewit. My personal opinion with regard to this question is 
that the change in vapour pressure which the process of solution entails 
is largely the result oi simultaneous changes which are purely physical 
in nature, When a solute is added to a pure solvent, the internal or thermal 
pressure of the latter itisidc the liquid is generally diminished, on account of 
the increase iii volume and .'& free space " which acconip;inies the addition of 
the solute, If the pressure of the solvent withiii the liquid phase is thus 
diminished by the process of solution, it will likewise be diminished in the 
vapour phase without the liquid.$ On the other hand, it Would appear that 
chemical effects such as tlie formation of hydrates or solvates only cause 
disturbances in the magnitude of the vapour pressure. Associated solvents 
perhaps excepted, it does not seem likely that such effects are pronounced 
enough to make them into the primary factors underlying these somewhat 
complicated phenomena of solution. 

* I give such a deduction in the contemporary volume of the !'lziL. Mtrg. 
May 1917. 

t The vapour presure of a solution is abnormal when it deviates from Raoult's 
law. I n  the same way osmotic pressure is abnurmal wheii it deviates from the 
value given' by the expresion for an ideal solution, viz. P -4,dP' = H?'log c 
(cf. Findlay's Osvllofic Prcsszwc, p. 31). 

N + I t  
V N 

Cf. Bancroft, goiir. Phys. Claeiiz., 10, 322 (1906). 
9: I treat this problem more fully in a paper in the Phil. Alug., September rg16, 

p. 295. A complete analysis of the problein of the &ect o f  Ihese physical lactors 
on vapour pressure and osmotic pressure will appear in the coniiiig number of the 
same magazine. 
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DR. F. TINKER I37 

ADDENDUM TO ABOVE PAPER. 

(Added May TO, 1917.) 
The problem as to why the vapour pressure and osmotic pressure of a 

solution are related to its concentration and other properties can be approached 
by applying the kinetic theory of binary mixtures.'k 

As is well known, the vapour pressure of a pure liquid is determined 
partly by the thermal or boiiibardment pressure of the molecules inside the 
liquid, and partly by the attractive forces which the evaporating molecules 
have to overcome in travelling through the surface film. The bombardment 
pressure, which is equal and opposite in sign to the intrinsic pressure, is 
generally of the order of a few thousand atmospheres, whilst the work done 
is almost, but not quite, equal to the latent heat of vaporization of the liquid. 
If ?r is the heat or bombardment pressure, and A is the work done by the 
evaporating molecule against the inward pull at the surface, Dieterici has 
connected the vapour pressure p with x and A by the exponential equation 
p = ?T e-*&IRT. The most important assumption underlying this equation is 
that the vapour pressure above the liquid is proportional to the thermal 
pressure h i d e  the liquid. The success which has attended the application 
of this equation seems to justify the assumption.? 

The reason for the lowering of the vapour pressure on dissolving a non- 
volatile solute in a liquid is not so generally recognized. But it seems to be 
quite simple in the case of ideal solutions, when the solvent and the solute 
are neither polymerized nor dissociated nor combined with one another. 
When two substances are mixed together without appreciable change, in total 
volume, each component d the mixture separates the molecules of the other 
component from one another. In consequence, the partial pressure of each 
component inside the solution is lowered ; just as mixing two gases without 
total volume change reduces the partial pressure of each. Since the vapour 
pressure of the solvent above the liquid is proportional to the precsure of the 
solvent inside the liquid, it is clear that the vapour pressure of a solution is 
less than that of the pure solvent, because the thermal pressure of the solvent 
inside the solution is less than it is inside the pure solvent. Hence also the 
reason why the osmotic current is from the pure solvent to the solution : the 
flow takes place from the region where the thermal pressure of the solvent is 
the higher. Of course, the foful pressure inside an ideal solution is more or 
less the same as the pressure inside the pure solvent. It i s  only the purfial 
pressure of the solvent which is reduced by the process of solution. The 
relation between the partial and total pressures is given by Raoult's law. As 
in the vapour phase, the partial thermal pressure of each component inside 
the liquid is proportional to its molar fracti0n.f 

Then the vapour pressure of a solution is increased by the application of a 
hydrostatic pressure, because such a pressure forces the molecules of a liquid 
closer together, and so increases the internal pressures. As has just been 
indicated, an increase in the partial pressure of the solvent inside the solution 
necessitates an increase in the external rapour pressure, because of the afore- 
mentioned proportionality. Taking aqueous solutions as an example, if the 
thermal pressure inside pure water is 12,000 atmospheres say, the partial 
pressure of the water inside a molar cane-sugar solution would be about 
I 1,800 atmospheres. Applying an external pressure of 22 atmospheres, 
i.e. the osmotic pressure, would raise it back to the 12,000 mark. so that 

* I treat this problem fully in the Phil. Mag. for May 1917. 
t See, for instance, McDougall, ' jhri t .  Amer. Chent. Soc., xxxviii., p. 528 (1916). 
$ Cf. Tinker, Phil. Mag., vol. xxxii., September 1916 ; ibid., May 1917. 
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138 ‘THE COLLOIDAL R,IE?VIBRANE 

osmotic difrusion betwecn p~ire  water and the solution under such a pressurc 
would no longer take place. 

Abnornialitics i n  om~ot ic  flow and the magnitude of t!:e osmotic pressurc 
seem to be caused by inequali.ties i n  the properties of thc two surfxce films 
separating the meinbrane from the pure solvcnt and solution respectively. 
Consider, for instance, the case studied in the paper of a pure solvent and a 
solution separated bp a vacuum. As is well l;non.n, the osmotic pressure of 
the solutioii is a function of the ratio oi the vapo:ir pressures of the pure 
solvent and solution respectively. Using dashed syrnhols for the solution, i t  

P iT r’/’<r is evident that for this ratio ~ v c  can n.rite M’hen the work per- 

formed (A’) by evaporating one molecule of the solwnt froni the solution is 
the s;~iiie as that pcrformcd (A) by evaporating one molecule from the pure 
solvent, we have 

. , , ; J < ,  . 

f i  N -k 
~ 

pf--iT’- n * 

The vapour pressure of the solution is then given by Iiaoult’s law, and the 
osmotic pressure of the solutioii is normal. I f ,  on the other hand, the work 
performed by ;t molecule in getting through the sutfacc film is not equal in 
the two cases, the ratio of the vapour pressures of the pure solvent and 
solution is a function also of the work difference at the two surface films. 
I have shown elsewhere 7:c that this work difference, which is practically equal 
to difference in the latent heat of vaporization of the solvent and solution, is 
equal to the heat of dilution of the solution, and is also related to thc 
difference i n  surface tensions, intrinsic pressures, etc., between the solvent 
and solution respectively. This is why the osinotic pressure of a lion-ideal 
solution is a function of the latter factors ns well as of the concentration of 
the solution. 

In view of the comparatively large magnitude of the pressures inside 
liquids, the question naturally arises as to what pressurc the solute would 
exert on an imaginary plane placed inside a dilute solution : is it equal to the 
pressure the solute would exert if it  were in the gascous state ? Apparently 
the answer to this question is that the bombardment pressure of the solute is 
not equal to the corresponding gas pressure. Perriri has indeed shown that 
the m e m g e  lziiiefiz cizcrg\l of a molecule in the liquid state is the same as it is 
in the gaseous condition ; but this fact does not imply that the azwage 
presszcre of a solute molecule must be same in the two states. The latter 
result would only follow provided the space available for molecular motion 
(i.e. the free space) were the same in dilute solutions as i t  is in dilute gaseous 
systems. As is well liiiown, much of the available volume in dilute solutions 
is taken up by the solvent molecules ; with the result that the pressure which 
the solute could exert on the imaginary plane is considerably greater than the 
corresponding gas pressure.+ If we regard it as legitimate to apply Raoult‘s 
law to the pressures inside aqueous solutions, taking the thermal pressure 
inside pure water as 12,000 atmospheres, the bombardment pressure which 
would be exerted by the sugar in a molar solution would be about 200-300 
atmospheres-a figure ten times as great as the corresponding gas pressurc. 
I t  is evidently a mistake to confuse the internal bombardment pressure of the 
solute with the osmotic pressure, which is an external mechanical pressure, 
and not a molecular pressure at all ; or with the pressure of a perfect gas, 
which is an entirely different physical quantity from either osmotic pressure 
or the real pressure of the solute. If this be the case, it may be asked : Why 

* LOC. cit., the paper just mentioned. 
f Cf. Nernst, Theor. Cheni. ; English trans. of 6th Gcrman edition, p. 246. 
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DR. F, T I N K E R  I39 

then is it that a membraiie placed between a pure solvent and a solution is 
forced through the pure solvent with a pressure cqiial to that which would 
be exerted by a gasified solute ? It is my personal o,pinion that this supposed 
gas analogy is not a real one;  it overlooks the facts of the fundamental 
diflusion phenomena altogether. It is safest to consider osmotic phenomena 
in the first place without regard to molecular hypotheses at all, and to argue 
on lines somewhat as follows: Whatever the reason may be, it is in the 
nature of the osmotic process that the pure solvent should flow into the solu- 
tion, and for the latter to increase in volume at the expense of the former. If 
the osmotic system is so constructed that the membrane is fixed whilst the 
solution is free to expand in a horizontal direction, no pressure whatsoever is 
exerted on the membrane ; for it is an experimental fact that, in the absence 
of external pressure, osmotic diffusion can take place across the thinnest 
of membranes without these being ruptured or subjected to strain. As soon, 
however, as a mechanical pressure is placed on the surface of the solution, 
the side of the membrane in contact with the solution becomes subjected to a 
pressure also, viz. the pressure which is transmitted through the solution by 
virtue of the application of the exteriial force. The same result is attained by 
allowing the solution to rise against gravity, when the solution side of the 
membrane becomes subject to a pressure equal to the weight of the column 
of liquid above it. The pressure on the membrane gradually increases with 
the height of the column ; it is termed the osmotic pressure when the height 
is such that difiusion of the solvent can no longer take place. If, on the 
other hand, the solution is unable to move,jt is clear that-by the principle 
of action and reaction-the membrane will tend to be displaced gradually 
through the pure solvent by the moisture which diffuses across it. Still, no 
appreciable force is exerted on the membrane until its motion is impeded 
and the solution thereby placed under compression. If the membrane is also 
fixzd, such an amount of moisture will flow from the pure solvent into the 
solution as is sufficient to increase the compression on the latter to the point 
at which the mechanical pressurc on the solution side of the membrane is 
sufficient to stop the inward flow. 

It is therefore evident that the modzcs operaizdi of the usual osmotic system 
differs fundamentally from that in systems where gaseous pressures proper 
are exerted continuously and independently of other external pressures. The 
solute itself no more exerts a pressure on the membrane, in the sense that it 
tends to set up external motion, than it would do on the walls of a vessel in 
which the solution might be placed. The membrane is only subjected to a 
strain when the solution is compressed ; the pressure is then exerted by the 
solution as a whole, and not by the individual molecules of the latter, whether 
of solvent or solute. 

The fundamental similarity between a dilute solution and a perfect gas 
is that both experience no change in interlial energy when their volume is 
varied. It is this fact which causes the equation of state to be similar for 
each ; and provided that the vapour of the solution obeys Raoult’s law, 
the maximum work which can be obtained by allowing a dilute solution to 
expand and go through a Carnot cycle is perforce the same as the work 
which can be obtained by causing a perfect gas to go through the same cycle.::: 

* Application of the second law of thermodynamics alone gives for gaseous 
work the relationship = const., and for osmotic work - = const. To prove that 

the two constants are the same, so that $ = 7, i t  is necessary to assume further 
that the vapour of the solution obeys Raoult’s law. 

PV 
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I40 THE COLLOIDAL MEMBRANE 

This equality of maximum work does not prove that the physical mechanism 
of the two processes is thc same i n  every detail; it merely shows that the 
second law of thermodynamics has a wide scope; and that when the 
law is applied to systems which are different in physical construction, the 
work which can be obtained by carrying out the process of expansion 
is independent of the nature of the medium employed ; provided, of course, 
that the latent heat of the process has a constant value, whether zero or  
otherwise. Under these circunistances 110 theory of the osmotic mechanism 
can claim to be conclusive because it gives the simple " gas law " as a limiting 
case for dilute solutions.':: Mechanical theories of osmosis are of no scientific 
value unless they throw light on the many abnormalities met with in osmotic 
phenomena generally, and unless they are capable of such development as 
will enable a full insight to be gained into the problem of the conditions 
inside liquids. 

Sir Oliver Lodge: We shall now have the pleasure of hearing 
from Mr. Rousfield views based on a large number of experiments 
which h e  has been conducting for years, with admirable perseverance, 
on subjects akin to the present; and I expect that he will direct 
our attention to the important agency of the solvent. 

* I t  is of course quite easy to get the " gas law " by several different theories ; 
and as easily by the vapour pressure theory, for instance, as by any other. 
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